Introduction
In the human fetus, the aortic isthmus (AoI) is located between the origin of the left subclavian artery and the entry of the ductus arteriosus (DA) to the descending aorta. In the fetal circulation, the AoI has an important physiological role, allowing communication between the left (LV) and right (RV) ventricular outputs, which are arranged in parallel. The aortic isthmus represents the arterial watershed between the brachiocephalic (including brain) and subdiaphragmatic (including placenta) circulations (Kiserud & Acharya, 2004) . Normally, there is anterograde blood flow across the AoI towards the descending aorta throughout gestation (Fouron et al. 1994; Ruskamp et al. 2003) . In diastole, when the semilunar valves are closed, the direction of blood flow across the AoI is mainly affected by cerebral and placental vascular resistances (Fouron, 2003) . In certain fetal cardiac abnormalities, i.e. LV obstructive lesions, retrograde filling of the aortic arch and ascending aorta through the AoI is crucial for survival.
To understand the capability of the fetal AoI to maintain a balance between the upper and lower body circulations, we performed a complete mechanical occlusion of ascending aorta in chronically instrumented sheep at near term gestation. During occlusion, the LV provides a blood supply only for the coronary arteries, and the RV, through retrograde filling of the AoI, maintains brain and upper body blood flow and perfusion. We hypothesized that occlusion of the ascending aorta would significantly decrease LV output and concomitantly increase RV output in order to maintain adequate systemic cardiac output and perfusion pressure to the fetal brain circulation through retrograde filling of the AoI. The specific aims of the present study were to explore the effect of ascending aorta occlusion on the following factors: (i) the distribution of cardiac output and carotid artery blood pressure; (ii) RV and LV systolic and diastolic function in altered ventricular loading conditions; and (iii) peripheral arterial and venous blood flow patterns and placental volume blood flow (Q Plac ).
Methods

Ethical approval
All experiments were performed in accordance with the guidelines of the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes, ETS 123, Appendix A, and in compliance with the directive 2010/63/EU on protection of animals used for scientific purpose. The research protocol was approved by the National Animal Experiment Board of Finland (reference no. ESAVI/3510/04.10.03/2011). The investigators understand the ethical principles under which Experimental Physiology operates and confirm that this work complies with the animal ethics checklist as outlined by the journal (Grundy, 2015) . Animals were monitored daily by a veterinarian, animal care technicians and the investigators for signs of distress, pain, injury or disease. The focus was set to ensure the well-being of animals and to minimize pain and suffering consistent with the journal's policies and regulations (see methodological description below).
Surgical preparation and instrumentation
Nine pregnant sheep of the Finnish Landrace breed were operated on at 115-121 gestational days (term is 145 days). Sheep were fasted overnight and premedicated with I.M. ketamine (2 mg kg −1 , Ketaminol vet, Intervet, Boxmeer, Netherlands) and midazolam (0.2 mg kg −1 , Midazolam Hameln, Hameln Pharmaceuticals gmbh, Hameln, Germany). The maternal external jugular vein was cannulated and Ringer's lactate solution infused at a rate of 200 ml h −1 . Intravenous propofol (4-7 mg kg −1 , Propofol-Lipuro, Braun, Melsungen, Germany) was used to induce general anaesthesia that was maintained with isoflurane (1.5-2.5%, Isofluran Baxter, Baxter S.A., Lessines, Belgium) in an oxygen-air mixture delivered via an endotracheal tube. Mechanical ventilation was maintained with a Siemens 730 ventilator (Siemens-Elema AB, Solna, Sweden). Intravenous boluses of fentanyl (0.05-0.15 mg, Fentanyl-Hameln, Hameln Pharma plus gmbh, Hameln, Germany) were administered as required. For monitoring heart rate and blood pressure, the ewe's auricular artery was cannulated.
A mid-line laparotomy was made to access the uterus. The fetal head and upper body were delivered. Polyvinyl catheters were inserted into the carotid artery and internal jugular vein. A left lateral thoracotomy was performed and the pericardial sac opened to expose the great arteries. The ascending aorta was isolated and a 6 mm vascular occluder (In Vivo Metric, Healdsburg, CA, USA) placed between the aortic valve and the origin of the brachiocephalic artery (Fig. 1) . A three-lead 28-gauge silver-coated copper ECG wire (New England Wire Tech., Lisbon, NH, USA) was placed subcutaneously on the fetal chest. The fetal chest was then closed. A separate polyvinyl catheter was placed in the amniotic cavity to monitor intra-amniotic pressure. In two fetuses, a polyvinyl catheter was also introduced into the descending aorta via the femoral artery. Lost amniotic fluid was replaced with warm saline solution, and the uterine incision was closed with a purse-string suture. The fetus received an intra-amniotic injection of penicillin G (1 million units, Geepenil, Orion Oyj, Espoo, Finland). After closure of the laparotomy incision, the catheters were tunnelled subcutaneously and exteriorized through a small incision in the ewe's flank. Postoperative analgesia was provided with a fentanyl patch (50 µg h −1 , Fentanyl ratiopharm, Ratiopharm, Ulm, Germany) attached to the ewe's tail.
Experimental protocol
After recovery for 4 days (119-125 gestational days), general anaesthesia was induced as described in the previous subsection. A 16-gauge polyurethane catheter was inserted into the maternal femoral artery. The ewe was placed supine with a right lateral tilt and allowed to stabilize for 30 min before the baseline measurements were taken. Thereafter, the ascending aorta occluder was inflated with saline until resistance was met. Complete occlusion was confirmed by colour Doppler ultrasonography, with no blood flow across the occluder. Ultrasonographic data, identical to the baseline study, were collected 15 and 60 min after occlusion of the ascending aorta. After the 60 min occlusion data were obtained, the occluder was completely deflated to restore patency of the ascending aorta. The last set of ultrasonographic measurements was taken 15 min after the occluder was released. At the end of the experiment, the animals were killed with an I.V. overdose (100 mg kg −1 ) of pentobarbital sodium (Mebunat vet, Orion Oyj, Espoo, Finland). Fetal weight was determined.
Invasive measurements
Maternal arterial blood pressure was measured using a disposable pressure transducer (DT-XX; Ohmeda, Hatfield, UK). Fetal arterial and venous blood pressures, referenced to intra-amniotic pressure, were continuously monitored. Fetal ECG leads were connected to the ultrasound equipment. Heart rates were determined from the arterial pressure waveforms. Maternal and fetal blood gas values (corrected to 39°C) were analysed immediately before the ultrasonographic data collection at each study point (Abbot i-STAT 1, East Windsor, NJ, USA).
Ultrasonographic data acquisition
Ultrasonographic examination was done using a Vivid 7 Dimension ultrasound system (GE Vingmed Ultrasound, Horten, Norway) with a 10 MHz phased-array transducer. Using pulsed Doppler, pulmonary and aortic valve blood flow velocity waveforms were obtained. The angle of insonation was kept at <15 deg. Volumetric blood flows across the pulmonary (RV output) and aortic (LV output) valves were calculated (Rasanen et al. 1996) . The RV and LV fractional shortenings were calculated from M-mode recordings (DeVore et al. 1984) . (6) 58 (11) 62 (3) 62 (10) Mean (mmHg) 46 (1) 45 (1) 45 (1) 43 (7) Diastolic (mmHg) 36 (1) 34 (3) 36 (4) 34 (4) 
Values are means (SD); n = 9, except descending aorta blood pressure (n = 2). Abbreviations: AaO, ascending aorta occlusion; and CVP, central venous pressure. * P < 0.05 and * * P < 0.001 different from baseline. † P < 0.05, AaO release different from AaO 15 min. ‡ P < 0.05, AaO release different from AaO 60 min.
Longitudinal velocities of the RV and LV free wall during the cardiac cycle were assessed using pulsed-wave tissue Doppler imaging, with a sample volume (1-1.5 mm) placed at the level of the atrioventricular valve annuli and aligned as parallel as possible to the myocardial wall (<15 deg insonation angle). Myocardial velocities were recorded during three to six cardiac cycles at a sweep speed of 100 mm s −1 . The frame rate was maximized, and isovolumic relaxation (IVRV), early ventricular filling (E ), atrial contraction (A ), isovolumic contraction (IVCV) and ventricular systolic (S ) velocities were measured. The isovolumic myocardial acceleration and deceleration were calculated as described by Acharya et al. (2008) . In addition, the isovolumic contraction (IVCT) and isovolumic relaxation (IVRT) times were measured and their proportions (expressed as percentages) of the total cardiac cycle were calculated (Acharya et al. 2008) . Global ventricular function was evaluated by the myocardial performance index (MPI; Tei et al. 1997; Acharya et al. 2008) .
Blood flow velocity waveforms for the DA, umbilical artery (UA), right pulmonary artery (RPA), pulmonary vein, ductus venosus (DV) and inferior vena cava (IVC) were obtained for calculation of their pulsatility index (PI) values. To estimateQ Plac , we calculated umbilical venous volume blood flow as described by Acharya et al. (2005) . In the presence of tricuspid or mitral valve regurgitation, ventricular contractility was assessed by calculating change of pressure over time (dP/dt) (Tulzer et al. 1991a ). All ultrasonographic examinations were performed by a single investigator (J.R.).
Statistical analysis
The summary measurements are presented as means (SD) unless otherwise stated. Repeatedly measured variables were analysed using a linear mixed model.
Pairwise comparisons between different time points were performed by linear mixed model only if the overall change over time according to linear mixed model was significant (P < 0.05). Two-tailed P values are presented, and all analyses were performed using SAS for windows (version 9.1.3; SAS Institute Inc., Cary, NC, USA).
Results
Mean (SD) maternal and fetal weights were 51 (9.3) kg and 1840 (333) g, respectively. Maternal arterial blood pressure and blood gas values did not change during the experiment (data not shown). Fetal pH decreased during occlusion of the ascending aorta, with no change in P O 2 and P CO 2 . There was a significant reduction in fetal carotid artery systolic, mean and diastolic blood pressures during the occlusion. The carotid artery blood pressure increased after the occlusion was released. In the two fetuses with descending aorta catheters, we found no change in the descending aorta blood pressure during the occlusion (Table 1 and Fig. 2 ). Fetal systemic venous pressure remained stable throughout the experiment (Table 1) .
Occlusion of the ascending aorta significantly decreased LV stroke volume and output, while there was a concomitant increase in RV stroke volume and output. An increase in RV output could not fully compensate for a reduction in LV output, leading to diminished combined cardiac output. After the occlusion was released, all the parameters returned to baseline levels, except LV output. Fetal heart rate did not change during the entire experiment (Table 2 ).
An acute increase in LV afterload by occlusion of the ascending aorta significantly decreased both IVCV and its acceleration, as well as IVRV and its deceleration. In addition, E and A were lower during the occlusion than at baseline. However, S and IVCT% were not affected. Both IVRT% and MPI increased during the occlusion. After occlusion was released, IVCV and its acceleration, as well as IVRV and its deceleration, remained lower than at baseline (Table 3) . In response to increased preload, RV IVCV and its acceleration significantly increased at 15 min of occlusion of the ascending aorta. Later during the experiment, these values were comparable to baseline. However, IVRV and its deceleration decreased during the occlusion. Other RV parameters remained unchanged throughout the experiment (Table 4) .
H. Huhta and others
Ductus arteriosus PI values increased during occlusion of the ascending aorta. In the fetal lung circulation, both RPA and pulmonary vein PIs were significantly greater during the occlusion than at baseline. In the placental circulation, UA PI values were lower 15 min after occlusion than at baseline. Later during the experiment, UA PI values were comparable to baseline. However,Q Plac was significantly lower at 60 min of occlusion of the ascending aorta than at baseline. In the fetal venous circulation, both IVC and DV PI values remained unchanged during the experiment. After the occlusion was released, both RPA and pulmonary vein PI values returned towards the baseline level (Table 5) , whileQ Plac remained lower than at baseline ( Table 2) .
Occlusion of the ascending aorta significantly increased LV inner diastolic and systolic diameters and decreased LV fractional shortening. Both RV inner diastolic and systolic diameters decreased, while RV fractional shortening increased. After the occlusion was released, LV diameters were greater and fractional shortening lower than at baseline. In the RV, systolic diameter remained smaller and fractional shortening greater than in baseline conditions (Table 6 ). 
Discussion
As we expected, complete occlusion of the ascending aorta decreased LV stroke volume and output, with a concomitant increase in the corresponding RV parameters. Although RV output increased by ß30%, it could not fully compensate for a drop in LV output, leading to decreased combined cardiac output. However, the rise in RV output was sufficient to maintain adequate fetal oxygenation. The most remarkable and unexpected finding in the present study was a significant drop in the carotid artery blood pressure that was restored immediately after the release of occlusion. Systemic H. Huhta and others Values are means (SD); n = 9. Abbreviations: AaO, ascending aorta occlusion; and FS, fractional shortening. * P < 0.05 and * * P < 0.001 different from baseline. † P < 0.05, AaO release different from AaO 15 min. ‡ P < 0.05, AaO release different from AaO 60 min.
venous pressure was not affected by the occlusion. The RV could improve its contractility in response to increased volume load. However, a sudden rise in RV volume blood flow was accompanied by signs of diastolic dysfunction, i.e. diminished IVRV deceleration. In the LV, increased afterload immediately led to systolic and diastolic dysfunction, as indicated by decreased IVCV acceleration and IVRV deceleration. At near term gestation, the RV makes up the majority of the combined cardiac output both in sheep (ß65%) and human (ß60%) fetuses (Rudolph, 1985; Rasanen et al. 1996) . In our study, combined cardiac output fell only ß16% from the baseline during occlusion of the ascending aorta. Despite rather well-preserved cardiac output, carotid artery systolic, mean and diastolic blood pressures fell significantly during the occlusion in every fetus. In two fetuses, we measured blood pressures in both the carotid artery and descending aorta simultaneously. In both cases, carotid artery blood pressure fell, while descending aorta pressure was maintained. One might expect that immediately following the occlusion the aortic arch circulatory physiology and physics might undergo dramatic alterations, causing a transient reduction in the perfusion pressure followed by its gradual restoration. However, during the prolonged occlusion (60 min), we did not find any recovery of the carotid artery blood pressure. One plausible explanation for our finding of decreased carotid artery pressure with maintenance of lower body blood pressure is based on Bernoulli's principle, which states that as the speed of a moving fluid increases, the pressure within the fluid decreases. In other words, during occlusion of the ascending aorta, the entire systemic cardiac output travels through the DA towards the descending aorta, increasing the volume flow and kinetic energy at the level of the DA and therefore decreasing the pressure in the carotid artery. The fetal sheep has vascular connections between the carotid and vertebral arteries, and it is most likely that during occlusion of the ascending aorta the fetal brain blood flow was at least partly compensated for by blood flow from the vertebral arteries (Baldwin & Bell, 1963) . This is also supported by the fact that the carotid artery pressure remained above amniotic fluid pressure and systemic venous pressure.
Despite a significant reduction in the carotid artery blood pressure, fetal heart rate did not change significantly. One might expect that reduction of the carotid artery blood pressure would activate baroreceptors, thus leading to an increase in fetal heart rate. Studies have shown that bilateral carotid occlusion with subsequent unloading of baroreceptors does not increase fetal heart rate (Wood, 1995; Schröder et al. 2000) . It has been proposed that the expected increase of fetal heart rate is prevented by the activation of the chemoreceptor reflex.
Occlusion of the ascending aorta leads to a sudden increase in RV preload that could help to maintain adequate combined cardiac output. During the occlusion, IVCV and its acceleration, which is a load-independent index of myocardial contractility (Vogel et al. 2002) , significantly increased. This demonstrates that the fetal RV can respond rapidly to increased volume load by improving its systolic function. However, increased volume load caused RV diastolic dysfunction, as indicated by decreased IVRV and its deceleration. In a sheep study with progressively worsening fetal hypoxaemia and acidaemia, the disturbances in diastolic function preceded the changes in global cardiac systolic performance (Acharya et al. 2008) . Again, our study shows that fetal RV diastolic function is more sensitive to a sudden increase in volume load than systolic function. In contrast, LV parameters that describe myocardial contractility and relaxation decreased significantly during the occlusion. Furthermore, LV systolic and diastolic function did not recover after the occlusion was released. The mechanisms behind this prolonged dysfunction remain to be determined. It is possible that increased coronary artery perfusion pressure during the occlusion could have led to formation of oedema in the myocardium. Also, increased left ventricular end-diastolic pressure could limit the oxygen delivery to the subendocardial area of the myocardium, thus impeding left ventricular function. Fetal haemodynamics during occlusion of ascending aorta During occlusion of the ascending aorta, RPA and pulmonary venous PI values increased when compared with baseline. The most likely explanation is increased left atrial pressure following a rise in LV pressure. Volume blood flow across the DA increased during the occlusion because RV output increased. A rise in DA volume blood flow led to an increase in DA PI values, as shown previously (Tulzer et al. 1991b) .
In the placental circulation,Q Plac decreased during occlusion of the ascending aorta. However, UA PI values were lower than at baseline. AlthoughQ Plac decreased, fetal P O 2 and P CO 2 remained stable when compared with baseline conditions, demonstrating the placental reserve to maintain adequate gas exchange for fetal survival. Both DV and IVC PI values did not change significantly during the experiment. Furthermore, central venous pressure remained stable. This strengthens the concept that the RV could rapidly accommodate increased preload.
The LV inner diastolic and systolic diameters increased, and fractional shortening decreased during the occlusion, demonstrating that the fetal LV is sensitive to a sudden increase in afterload. Despite diminished fractional shortening, the LV could maintain adequate pressure generation to provide blood flow across the aortic valve and blood supply to the coronary circulation. It has been shown that fetal RV fractional shortening is sensitive to an increase in afterload (Tulzer et al. 1991a ) and can maintain its contractility and pressure generation force, even if the fractional shortening is low. Thus fetal ventricular fractional shortening does not directly reflect ventricular function.
In human fetuses with LV obstructive lesions, studies have shown reduced middle cerebral artery PI values, and this is a progressive phenomenon, with the lowest values in the last trimester of pregnancy (Szwast et al. 2012) . However, the Doppler-derived blood flow velocity waveform pattern is affected by multiple factors, including differences in the vascular resistance between vascular beds upstream and downstream of the artery under examination, arterial wall properties and the fetal heart rate and cardiac output (Adamson, 1999) . Fetuses with congenital heart disease have smaller brain volume at birth, delayed maturation of the brain and structural brain abnormalities when compared with normal fetuses. In addition, it has been shown that in neonates with congenital cardiac abnormalities, cerebral blood flow is reduced with higher rates of periventricular leucomalacia (Sun et al. 2015) . It has been speculated that retrograde aortic arch flow provides a diminished amount of blood flow to the brain, leading to a brain-sparing phenomenon (Yamamoto et al. 2013) . Studies concerning the autoregulation of cerebral blood flow in the fetal sheep have revealed conflicting results (Papile et al. 1985; Hohimer & Bissonnette, 1989) . However, both studies show that when the mean carotid artery blood pressure is <45 mmHg, there is a linear relationship between the perfusion pressure and cerebral blood flow. Our experimental study, although not designed to be a model of any specific congenital cardiac defect, shows significantly reduced carotid artery pressure during occlusion of the ascending aorta, suggesting that at near term gestation the AoI cannot provide unrestrictive communication between the LV and RV circulations.
Our study has limitations. A complete occlusion of the ascending aorta at near term pregnancy is not a physiological event. The surgery may constitute a significant stress; however, the postoperative period after surgery should be long enough for the recovery of fetal myocardial function (De Muylder et al. 1983) . With regard to the use of general anaesthesia, blood pressure can be slightly lower than in unanaesthetized fetal sheep. It has been demonstrated that uterine and umbilical artery volume blood flows before and after induction of general anaesthesia are similar, suggesting conditions close to the physiological circulatory state . Isoflurane can modify fetal cardiovascular regulation. However, at reasonable anaesthetic depth, and in the absence of myocardial or peripheral cardiovascular disease, the newborn lamb can co-ordinate neural, endocrine and local tissue responses to increase cardiovascular performance in response to hypoxaemia (Brett et al. 1989) . Validation studies in fetal sheep have shown that invasive and Doppler echocardiographic volume blood flow calculations are well correlated (Schmidt et al. 1991) . The intra-observer variabilities of Doppler ultrasonographic parameters of fetal sheep cardiovascular haemodynamics and tissue Doppler-derived indices are comparable to those found in human fetuses during the second half of pregnancy (Rasanen et al. 1998; Bernard et al. 2012) . Carotid artery and descending aorta blood pressures were measured simultaneously in only two fetuses. We believe that our finding of a difference in the mean arterial pressure between the carotid artery and descending aorta during the occlusion is valid, because placental gas exchange was maintained during the experiment. A mean arterial pressure of about 12-14 mmHg in the descending aorta for an hour would lead to severe fetal acidosis, and most probably to fetal death.
We conclude that complete occlusion of the fetal ascending aorta decreased LV output, with signs of both diastolic and systolic dysfunction. On the contrary, increased RV output was associated with improved systolic function, while diastolic function deteriorated. The carotid artery perfusion pressure fell significantly during occlusion of the ascending aorta, demonstrating that the AoI failed to redirect blood flow and pressure from the ductus arteriosus to the aortic arch. Our finding suggests that at near term gestation the AoI cannot provide unrestrictive communication between the LV and RV circulations.
